Ionic liquids have attracted significant interest as electrolytes for the electrodeposition of metals and semiconductors, but the details of the deposition processes are not yet well understood. In this paper, we give an overview of how the addition of various precursors (TaF 5 , SiCl 4 , and GaCl 3 ) affects the solid/IL interfacial structure. In situ Atomic Force Microscopy (AFM) and vibrational spectroscopy have been employed to study the changes of the Au(111)/IL interface and in the electrolytes, respectively. Ionic liquids with the 1-butyl-1-methylpyrrolidinium ([Py 1,4 ] + ) cation and bis(trifluoromethylsulfonyl) amide ([TFSA] À ), trifluoromethylsulfonate ([TfO] À ) and tris(pentafluoroethyl) trifluorophosphate ([FAP] À ) as anions were chosen for this purpose. In situ AFM forcedistance measurements reveal that both the anion of the IL and the solutes (TaF 5 or GaCl 3 ) influence the Electrical Double Layer (EDL) structure of the Au(111)/IL interface, which can affect the deposition process of Ta and the morphology of the Ga electrodeposits, respectively. Furthermore, the concentration of the precursor can significantly alter the Au(111)/[Py 1,4 ][FAP]-SiCl 4 interfacial structure wherein the presence of 0.25 M SiCl 4 a double layer structure forms that facilitates Si deposition.
Introduction
Ionic liquids (ILs) have attracted considerable research interest due to their applications in many areas including electrochemistry, catalysis, energy storage, and lubrication. [1] [2] [3] [4] [5] For these applications, the structure of the IL/solid interface, where adsorption, charge transfer and mass transfer processes occur, plays an important role in determining performance. ILs are commonly dened as materials that are composed of organic cations and organic (or inorganic) anions that melt below 100 C. ILs possess a wide electrochemical window, good ionic conductivity, thermal stability, and good solubility for many inorganic salts. Furthermore, these properties can be tuned by changing the IL's chemical structure and therefore ILs can be strategically designed for specic applications. However, the development of different technologies for industrial electrochemical applications is not straightforward without understanding the IL/solid interfacial structure and the spatial distribution of electroactive species under electrochemical conditions. The distribution of ions at the electrode surface and the double layer capacitance of dilute aqueous electrolyte solutions are usually described by the Gouy-Chapman-Stern (GCS) theory. [6] [7] [8] This theory suggests the existence of a compact layer (also known as the Stern layer) in direct contact with the electrode surface and a diffuse layer that extends to some distance into the bulk from the electrode surface. In this model the ion is treated as a point charge that interacts via coulombic forces. These assumptions are not valid for ionic liquids. The constituent ions of ILs cannot be regarded as point charges because their ions are large and asymmetrical with charge delocalization, and a complex ion arrangement can lead to supramolecular nanostructures. Therefore, the Electrical Double Layer (EDL) structure of ILs is rather complicated, and leads sometimes to unpredictable capacitance behaviour.
During the last decade the IL/electrode interface has been extensively studied both theoretically and experimentally towards understanding the complex structure of the EDL. Theoretical studies have shown that the interactions between IL ions and electrode surfaces are strong, mainly due to electrostatic attractions and van der Waals forces. [9] [10] [11] [12] [13] [14] [15] Moreover, the high ionic densities of ILs results in overscreening, crowding, and lattice saturation effects as characterized by various capacitance-voltage dependencies. 9 In the model as described by Bazant, an overscreening of ions is predicted if the charge of the innermost (Stern) layer is greater than the potential of the electrode (at low electrode potentials), while crowding of ions and lattice saturation occur if the innermost (Stern) layer is insufficient to neutralize the surface electric potential (at high electrode potentials). Remarkable progress has been made towards understanding the EDL structure of ILs on at surfaces, and a critical overview is presented in ref. 16 .
The IL/electrode interface has been explored experimentally using various experimental methods, such as sum-frequency generation spectroscopy, [17] [18] [19] surface-force apparatus, 20-22 X-ray scattering techniques [23] [24] [25] [26] [27] [28] and scanning probe microscopy. [29] [30] [31] [32] [33] [34] [35] [36] [37] The experimental data have shown that ILs form multi-layered structures on solid surfaces, composed of alternating layers enriched in either cations or anions.
Both theoretical and experimental studies of the structure of the EDL in ILs reveal the existence of ion ordering at the IL/solid interface, resulting in the formation of a multi-layered interfacial structure. This multiple layered structure is composed of the innermost (Stern) layer (a well-ordered single layer of ions in direct contact with the solid surface), that templates the surface-induced ordering in the subsequent layers, which can extend up to several nanometers in the solution. These layers play an important role in electrochemical processes. Changing of the surface potential (e.g. by applying a potential), and the addition of co-solvents and salts (e.g. for electrodeposition), can lead to a reordering of the interfacial layer structure that, in turn, may signicantly alter electrode reactions. [37] [38] [39] [40] The role of the IL/solid interface in the electrochemical reactions rst attracted our attention about a decade ago. In 2006, we found that under similar experimental conditions the deposition of Al from AlCl 3 in 1-butyl-1methylpyrrolidinium bis(triuoromethylsulfonyl)amide ([Py 1, 4 ] [TFSA]) leads to nanocrystalline deposits, whereas in 1-ethyl-3-methylimidazolium bis(tri-uoromethylsulfonyl)amide ([EMIm][TFSA]) a microcrystalline deposit is obtained. 41 A signicant difference in the microstructure/morphology of the Al deposits was obtained with these two liquids although the electroactive aluminium species are similar in both electrolytes, [AlCl 2 (TFSA) 2 ] À . 42 It was suggested that the [Py 1, 4 ] + acts as a grain rener by adsorbing to the substrate and to the growing nuclei, hindering further crystal growth resulting in nanocrystalline size. This hypothesis was supported by in situ Scanning Tunneling Microscopy (STM) and Atomic Force Microscopy (AFM) results, which revealed that [Py 1, 4 ] + has a 5 times stronger surface interaction with Au(111) than with [EMIm] + . 32 Subsequent work examined how the chemical structure of the IL inuenced the electrodeposition of various metals and semiconductors. [43] [44] [45] [46] [47] [48] It was found that the chemical structure of an IL has a strong inuence on the morphology and crystal size of Si, 44 Sn 45 and Zn 43,46 electrodeposits. The composition of electrochemically made Si x Ge 1Àx depends on the IL solvent. 38, 47 Furthermore, the choice of the IL cation affects the optical properties of GaSb. 48 These examples show that the structure of the EDL in IL signicantly alters the deposition process, and this inuence has to be considered for electrochemical reactions.
In this paper we present an overview of how the addition of various precursors (TaF 5 , GaCl 3 and SiCl 4 ) affects the Au(111)/IL interfacial structure. Changes in the bulk IL structure on the addition of salt were investigated by Raman and IR spectroscopy, and changes in the structure of the Au(111)/IL interface were probed by in situ AFM and STM measurements, respectively. Based on these results, we try to understand the interfacial processes and correlate the interfacial nanostructure with changes in the electroactive species present in ILs.
Experimental
The ionic liquids 1-butyl-1-methylpyrrolidinium bis(triuoromethylsulfonyl) amide ([Py 1, 4 [TfO] were given by the supplier to be 99.5% and 99%, respectively. Prior to use, the liquids were dried under vacuum at 100 C to water contents of below 3 ppm. 1-Butyl-1-methylpyrrolidinium tris(pentauoroethyl)triuorophosphate ([Py 1, 4 ] [FAP]) was purchased from Merck KGaA (EMD) in custom-made quality. For this liquid, all detectable impurities were guaranteed by the supplier to be below 10 ppm. The water content was measured using Karl Fischer titration. The dried ILs were stored in closed bottles in an argon-lled glove-box (OMNI-LAB from Vacuum-Atmospheres) with water and oxygen contents below 2 ppm. TaF 5 (99.99%), GaCl 3 (99.99%) and SiCl 4 (99.999%) salts were purchased from Alfa Aesar. TaF 5 was rst puried by sublimation and subsequently added to the ionic liquids.
Raman spectra were recorded with a VERTEX 70 V, RAM 2 instrument (Bruker Optic GmbH) with a (Nd:YAG 1064 nm laser) Ge detector. For Raman analysis, the electrolytes were sealed in a glass capillary inside the glove-box and the spectra were recorded at an average of 250 scans with a resolution of 2 cm À1 . Fourier transform infrared spectroscopy was also recorded using a VERTEX 70 V instrument (Bruker Optic GmbH).
All Scanning Tunneling Microscopy (STM) experiments were performed at room temperature (RT ¼ 23 C) using in-house-built STM heads and scanners under inert gas conditions (H 2 O and O 2 < 2 ppm) with a Molecular Imaging/ Agilent PicoScan 2500 STM controller in the feedback mode. STM tips were made by the electrochemical etching of Pt-Ir wires (90/10, 0.25 mm diameter) with a 4 mol L À1 NaCN solution and subsequently coated electrophoretically with an electropaint (BASF GY85-0030). During the STM experiments the potential of the working electrode was controlled by a PicoStat from Molecular Imaging/ Agilent. In all experiments the STM images were obtained by scanning from the bottom to the top with a scan rate of 2 Hz and a resolution of 512 pixels per line.
Force-distance curves were collected using a Molecular Imaging PicoPlus AFM instrument in the contact mode. A silicon SPM-sensor from NanoWorld was employed for all experiments presented in this study. The spring constant was 6 N m À1 . The substrate for the AFM experiments was Au(111) (gold on mica) purchased from Agilent Technologies. Pt wires were used as the counter and the reference electrodes, respectively. All force-distance curves were acquired at room temperature in an argon-lled glove-box.
The electrochemical measurements were performed inside an argon-lled glove-box by using a VersaStat II (Princeton Applied Research) potentiostat/ galvanostat controlled by PowerCV and PowerStep soware. The scan rate during cyclic voltammetry was 10 mV s À1 . The electrochemical cell was made of polytetrauoroethylene (Teon) and clamped over a Teon-covered Viton O-ring onto the substrate, yielding a geometric surface area of the working electrode of 0.3 cm 2 . Prior to the experiments, the Teon cell and the O-ring were cleaned in a mixture of 50 : 50 vol% concentrated H 2 SO 4 and H 2 O 2 (35%) followed by reuxing in distilled water. Au(111) substrates, purchased from Agilent Technologies, and gold (a 300 nm-thick lm on glass) produced from Arrandee served as working electrodes. Platinum wires were used as quasi-reference and counter electrodes, which gave good stability in the ILs throughout the experiments. The Pt electrodes were cleaned in a hydrogen ame before use to remove impurities. The morphology of the deposits were characterized by SEM (JSM 7610F, JEOL).
Results and discussion

Tantalum electrodeposition
In 2010 we reported that the electrodeposition of Ta from TaF 5 is inuenced by the IL type. 49, 50 In general, the electrodeposition of Ta from its halides in an IL is complicated by the formation of non-stoichiometric sub-halides. In the case of [Py 1, 4 ] [TFSA], TaF 5 is reduced via TaF 3 , TaF 2 , TaF 1.5 and Ta 2 F to elemental Ta, which can form TaF x again by decreasing the electrode potential to more negative values. 49 This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
(above 100 C). 51 In situ STM and AFM measurements reveal that [Py 1, 4 Fig. 1 . The electrode potentials were initially swept negatively from the Open Circuit Potential (OCP) at a scan rate of 10 mV s À1 . In the case of TaF 5 -[Py 1, 4 ] [TFSA], a series of reduction processes (C 1 -C 4 ) is obtained prior to the decomposition of the organic cation ( Fig. 1a ). In situ STM shows that at À0.8 V (C 1 ) a thin rough layer is present on the gold surface, at À1.8 V (C 2 ) a clear deposit forms, and by further reducing the electrode potential to À2.9 V (C 3 -C 4 ) "chopstick like" structures are observed (STM images in the insets of Fig. 1a ). Electrochemical Quartz Crystal Microbalance (EQCM) measurements reveal that at C 2 the deposition of elemental Ta occurs, while C 1 , C 3 and C 4 are correlated with the formation of various non-stoichiometric tantalum sub-halides. 51 In the case of TaF 5 -[Py 1, 4 ] [FAP], four cathodic processes (C 1 -C 4 ) can also be seen, however the current densities are very low for the reduction processes ( Fig. 1b) . In situ STM reveals that the Au(111) surface is subject to reconstruction. At À0.2 V (OCP), a rough gold surface with wormlike structures is observed. By reducing the electrode potential, a surface restructuring occurs (C 1 -C 3 ) leading to the (22 Â O3) reconstruction, which remains stable until À2.0 V (C 4 ) (insets in Fig. 1b ). EQCM measurements do not indicate any deposition of elemental Ta in this IL. 51 Changes in the interfacial structures of [Py 1, 4 ] [TFSA] and [Py 1, 4 ] [FAP] containing TaF 5 were also probed using in situ AFM force-distance measurements. Fig. 2 represents force versus separation curves for an AFM tip approaching Au(111) at À1.0 V (prior to the electrodeposition of Ta) in [Py 1, 4 ] [TFSA] and [Py 1, 4 ] [FAP] in the presence (red) and in the absence (black) of 0.1 M TaF 5 . The steps in the force-distance curves are due to repulsion of the interfacial liquid layers between the gold substrate and the AFM tip. The step width usually corresponds to the dimension of the individual ionic species or ion pair. 37 In the case of [Py 1, 4 ] [TFSA], the appearance of the force-distance curves changes markedly when TaF 5 is added to it. For the pure IL ve adsorbed layers can be detected at À1.0 V (Fig. 2a, black curve) . For all the layers the width of the steps is $0.8 nm except for the innermost layer, which corresponds well with the diameter of the IL ion pair. The width of the innermost layer is only 0.47 nm, which indicates that the cation adopts a atter orientation on the electrode surface under the inuence of an applied electrode potential. The addition of TaF 5 weakens the interfacial structure ( Fig. 2a, red curve) . Furthermore, the width of the innermost layer reduces to 0.25 nm, which might be due to the presence of the TaF 5 species at the surface, as at more negative electrode potentials the electrodeposition of Ta occurs. 51 The important observation is that the addition of 0.1 M TaF 5 does not alter the [Py 1, 4 ] [FAP]/Au(111) interface (Fig. 2b) . Both the width of the innermost layer and the push through force remain quite similar with and without TaF 5 . The width of the innermost layer is 0.31 nm, consistent with the size of [Py 1,4 ] + . 37 From these results we can conclude that TaF 5 was expelled from the electrode surface in [Py 1, 4 ] [FAP], while in [Py 1, 4 ] [TFSA] the interfacial structure is disturbed by the addition of TaF 5 . Thus, TaF 5 might interact in a different manner with [TFSA] À than with [FAP] À , which alters the interface. Vibrational spectroscopy was performed to nd changes in the bulk structure of ILs and TaF 5 -ILs. Fig. 3 shows the regions in which the changes can be observed in the Raman and IR spectra of the ILs on addition of TaF 5 .
Marginal changes are observed in the intensities of peaks related to the ILs, indicating a weak interaction of the TaF 5 in them ( Fig. 3a and b ). However, we could neither observe new waves/peaks nor new shoulders except a new peak at $690 cm À1 for both ILs, which varies by 2 cm À1 . This new peak could be related to TaF 5 -IL species.
In the IR spectra of TaF 5 -[Py 1, 4 ] [TFSA] quite a broad and new peak appears at 884 cm À1 (Fig. 3c) , which can not yet be assigned to a denite species. Apart from this, no recognizable changes have been observed in the IR spectrum for [Py 1, 4 ] [FAP] upon addition of 0.1 M TaF 5 (Fig. 3d ). It is thus quite difficult to comment on the speciation/complexation based on the vibrational spectroscopy results alone and to correlate them with the observed changes in the in situ AFM results. (Fig. 4c and d) . The crystal sizes of the obtained deposits varied in the ILs, and such changes are suggested to be correlated with the IL anion. The deposits made from [Py 1, 4 ] [TFSA] consist of perfect spherical structures of 60-260 nm in diameter (Fig. 4c) , whereas the average sizes of Ga deposits obtained from [Py 1, 4 ] [TfO] are in the regime of 15 to 110 nm (Fig. 4d) .
Raman spectroscopy was used to investigate the inuence of the anions of the ILs on the interaction/solvation of GaCl 3 . Fig. 5 shows the anion region of the Raman spectra of the ILs and their solutions with GaCl 3 , wherein signicant changes can be identied. The peaks at 740 cm À1 (for pure [Py 1, 4 ] [TFSA]) and at 757 cm À1 (for pure [Py 1, 4 ] [TfO]) are assigned to a coupled symmetric CF 3 bending and SNS bending modes of [TFSA] À (Fig. 5a, black curve) , and to the CF 3 symmetric bending mode of [TfO] À (Fig. 5b, black curve) , respectively. On addition of GaCl 3 a decrease in the IL peak intensities occurs. In the case of GaCl 3 -[Py 1, 4 ][TfO] an additional peak is seen at 767 cm À1 (Fig. 5b, red ) can be found at 346 and 386 cm À1 , respectively. 56 The Raman spectra of GaCl 3 /Ga 2 Cl 6 at 140 C have peaks at 168, 310, 344, 416, and 472 cm À1 . 57 However, we could not observe any such peaks in the GaCl 3 -ILs spectra indicating that either GaCl 4 À or GaCl 3 (or its dimer) were absent in the solutions. Therefore, based on the Raman spectroscopy results we can summarize that anionic complexes/species of GaCl 3 with the respective anions ([GaCl 3 A] À , where A ¼ TFSA or TfO) might be formed in both of the ILs.
In situ AFM force-distance measurements were performed to investigate the interfacial structure of the pure ILs and in the presence of GaCl 3 prior to the electrodeposition of Ga. A detailed study of the IL/Au(111) interface in [Py 1, 4 ] [TFSA] has been reported previously. 32, 51 At negative electrode potentials multiple interfacial layers are present in the case of the pure ILs (Fig. 6, black curves) . For [Py 1, 4 ] [TfO], the width of the innermost layer ($0.7 nm) does not change signicantly by the decreasing of the electrode potential and corresponds well with the diameter of the IL ion pair.
The structure of the innermost layer changes signicantly with the addition of GaCl 3 . At À0.8 V only 3 solvation layers (at 0.2, 0.95 and 1.7 nm) can be detected in GaCl 3 -[Py 1, 4 ] [TFSA] (Fig. 6a, red curve) , while ve steps can be found for GaCl 3 -[Py 1, 4 ] [TfO] at À1.0 V (at 0.2, 0.55, 1.35, 2.5 and 3.5 nm) ( Fig. 6b, red curve) . In both ILs the innermost layer becomes thinner at the investigated electrode potentials as [GaCl 3 A] À species can present at the surface, which are responsible for Ga deposition. However, the interaction of the innermost layer with the gold surface differs in these two ILs. The addition of GaCl 3 to [Py 1, 4 ] [TFSA] weakens the interfacial structure, as the force required to rupture the innermost layer reduces to $7 nN. In contrast to [Py 1, 4 ] [TFSA], the electroactive species in [Py 1, 4 ] [TfO] strongly adsorbs to the electrode surface, wherein a $12 nN force is needed to rupture the innermost layer. Such differences in the adsorption structure of the Au(111)/GaCl 3 -IL interface can control the rate and growth (or particle sizes) of the Ga deposits.
Silicon electrodeposition
A few years ago, it was observed that the morphology and crystal size of Si deposits made electrochemically from ILs containing SiCl 4 can be altered by changing the constituent ions. 44 ). It was found that the number of reduction steps and the deposition potentials of Si differ upon changing the anion. Furthermore, in situ STM on Au(111) revealed a difference in the interfacial behaviour. IR spectroscopy analysis also showed that SiCl 4 interacts differently with the ILs, leading to the formation of different silicon electroactive species. 44 In the aforementioned examples the inuence of the concentration of the solute on the structure of the IL/Au(111) interface was not investigated. In this section we focus on the inuence of SiCl 4 concentration on the Au(111)/[Py 1, 4 ] [FAP] interface. The electrochemical behaviour of [Py 1, 4 ] [FAP] at two different concentrations of 0.1 M and 0.25 M SiCl 4 on Au(111) was investigated and the corresponding CVs are shown in Fig. 7a and b , respectively. In the cathodic regime, three reduction processes (C 1 -C 3 ) can be obtained for 0.1 M SiCl 4 /[Py 1, 4 ] [FAP]. The reduction waves C 1 and C 2 can be associated with the adsorption of SiCl 4 -IL species complexes. The bulk deposition of Si occurs at C 3 . The obtained result in this study is consistent with the previously reported results. 44 On increasing the concentration of SiCl 4 to 0.25 M, the magnitude of the reduction current increases. Furthermore, the potentials of the surface reduction processes were not affected by increasing the concentration of SiCl 4 in the IL. However, the onset of Si electrodeposition is signicantly shied to more positive values when increasing the concentration of SiCl 4 A comparison of the Raman spectra for the neat IL and its solutions with two different concentrations of SiCl 4 (0.1 M and 0.25 M) is presented in Fig. 7c . We could neither observe new waves nor new peaks for the ILs containing two different concentrations of SiCl 4 . However, on addition of 0.1 M SiCl 4 , the intensity of the neat IL peak at 743 cm À1 increases, which is more pronounced at 0.25 M. This change in the intensity can be related to the formation of SiCl 4 -IL species. To nd changes in the Raman spectra, we have analyzed the recorded ones by subtracting the absorbance of SiCl 4 /[Py 1, 4 ] [FAP] from the absorbance of pure [Py 1, 4 ] [FAP] (Fig. 7d ). In the difference spectra, a rise in the intensity of the peak at 743 cm À1 can be noticed. At present, it is unclear why the intensity of this peak increases with the concentration of SiCl 4 in this liquid. For a simple approximation, it might be due to weakening of the bending mode of C-F-C in the anion due to a possible interaction of SiCl 4 with [FAP] À . Apart from such an intensity change, we could not observe any recognizable change either in the as-recorded spectra or in the difference spectra in this region of wavenumbers (500-800 cm À1 ).
In situ AFM was performed to understand the effect of SiCl 4 concentration on the Au(111)/IL interface at the electrode potentials prior to the electrodeposition of Si. For the pure IL, it was already reported that at OCP and at slightly negative electrode potentials the width of the innermost layer is $0.3 nm, indicating the presence of [Py 1, 4 ] + on the Au(111) surface. 37 At more negative electrode potentials (at À1.5 V and À2.0 V) the cation layer can be so strongly bound to the surface that the AFM tip cannot displace them and thus probes only the anion layer at $0.6 nm ( Fig. 8, black curves) . 51 However, by addition of SiCl 4 the appearance of the AFM curves changes signicantly. In the case of 0.1 M SiCl 4 -IL, only 3 layers (at 0.39, 0.85 and 1.9 nm) can be identied (Fig. 8a, red curve) . The force required to rupture the layers is signicantly reduced, with only 12 nN needed to displace the innermost layer. Furthermore, the innermost layer is only 0.39 nm wide, suggesting the presence of SiCl 4 -IL species at the surface. Interestingly, on increasing the concentration of SiCl 4 to 0.25 M, only a double layer is seen at 0.61 nm (Fig. 8b, red curve) . A similar double layer structure was reported for the Au(111)/[EMIm][TfO]-H 2 O interface. 59 On increasing the water content to 50 vol %, the multi-layered IL/electrode interfacial structure was changed to a double layer structure, which consequently affected the rate and morphology of the electrodeposition of Zn. 59 The presented results reveal that increasing the concentration of SiCl 4 modies the Au(111)/IL interface signicantly, which can enhance the quality of the Si deposits.
The aforementioned examples show that the electrodeposition of metals (e.g. Ga and Ta) and semiconductors (e.g. Si) in ILs is not straightforward. On one side, the (chemical) structure of the IL has an inuence on the EDL structure of the Au(111)/IL interface. On the other hand, the addition of precursors, which are required for the deposition processes, can also affect the structure of the electrode/IL interface. Furthermore, the nanostructure of interfacial layers can vary if the concentration of the precursor is increased, which might facilitate the deposition processes. These effects are unique for each IL and therefore cannot be generalized, if at all. An understanding of such interfacial and solvation effects is challenging and needs more fundamental experiments, ideally supported by interfacial theory. 
